Temporal collinearity is often regarded as the force preserving Hox clusters in vertebrate genomes. Studies that combine genomic and gene expression data in invertebrates would allow generalizing this observation across all animals, but are scarce, particularly within Lophotrochozoa (e.g., snails and segmented worms).
Introduction
Hox genes are transcription factors that bind to regulatory regions via a helix-turnhelix domain to enhance or suppress gene transcription [1, 2] . Hox genes were initially described in the fruit fly Drosophila melanogaster [3, 4] and later on in vertebrates [5] [6] [7] and the nematode Caenorhabditis elegans [8] . In all these organisms, Hox genes were shown to provide a spatial coordinate system for cells along the anterior-posterior axis [9] . Remarkably, the Hox genes of these organisms are clustered in their genomes and exhibit a staggered spatial [3] and temporal [10, 11] expression during embryogenesis that corresponds to their genomic arrangement [3, 12, 13] . These features were used to classify Hox genes in four major orthologous groups -anterior, Hox3, central and posterior Hox genes-and were proposed to be ancestral attributes to all bilaterally symmetrical animals [1, 13, 14] .
However, the study of the genomic arrangements and expression patterns of Hox genes in a broader phylogenetic context has revealed multiple deviations from that evolutionary scenario. Hox genes are prone to gains [15] [16] [17] and losses [18] [19] [20] [21] , and their arrangement in a cluster can be interrupted, or even completely disintegrated [22] [23] [24] [25] . Furthermore, the collinear character of the Hox gene expression can fade temporally [24, 26, 27] and/or spatially [28] . Hox genes have also diversified their roles during development, extending beyond providing spatial information [29] . In many bilaterian embryos, Hox genes are expressed during early development, well before the primary body axis is patterned [26, [30] [31] [32] . They are also involved in patterning different tissues [33] and have been often recruited for the evolution and development of novel morphological traits, such as vertebrate limbs [34, 35] , cephalopod funnels and arms [28] , and beetle horns [36] .
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/058669 doi: bioRxiv preprint first posted online Jun. 13, 2016; 5 in particular, temporal collinearity-could be associated with the retention of a more or less intact spiralian Hox cluster, as it seems the case for the vertebrate cluster [14, 23, 59, 60] . However, more studies combining genomic and expression information, and including the vast spiralian morphological diversity, are essential to draw robust conclusions about Hox gene evolution and regulation in Spiralia and Metazoa [61] .
These studies would also allow to test if hypotheses about the correlation between collinearity and cluster organization as observed in deuterostomes [23] stand true for protostomes.
Here, we present a comprehensive study of the genomic arrangement and expression of Hox genes in Brachiopoda, a lineage of the Spiralia whose origins date back to the Lower Cambrian [62] . Brachiopods are marine, sessile, filter-feeding animals. They are protected by two dorsoventral mineralized shells and reproduce by external fertilization, often developing through an intermediate, free-living larval stage [63] . In this study, we use two brachiopod species -the 'articulate' Terebratalia transversa and the 'inarticulate' Novocrania anomala-that respectively belong to the two major brachiopod lineages, thus allowing the reconstruction of putative ancestral characters for Brachiopoda as a whole ( Figure 1A ). By transcriptomic and genomic sequencing we demonstrate that the Hox complement consists of ten Hox genes in T. transversa and nine in N. anomala. In addition, the ten Hox genes of T. transversa are ordered in a split Hox cluster that differs from the genomic arrangement reported for the brachiopod Lingula anatina [personal communication, Luo and 64]. We show that Hox gene expression is restricted to the 'trunk' region of the larva, and is overall neither temporally nor spatially collinear. However, the genes pb (only in T. transversa), Hox3 and dfd show spatially collinear expression in the mesoderm of .
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/058669 doi: bioRxiv preprint first posted online Jun. 13, 2016; 6 both brachiopod species. Additionally, the Hox genes lab, scr, antp and post1 appear to be associated with the development of two brachiopod features: the chaetae and the shell-forming epithelium. Altogether, our findings demonstrate that the presence of a split Hox cluster in the Brachiopoda is likely not associated with a temporally collinear expression of Hox genes, which differs from the hypothesized correlation between temporal collinearity and the retention of the vertebrate Hox cluster [14, 23, 59 , 60] and suggests that alternative/additional genomic forces might shape Hox clusters during spiralian evolution, such as low genomic rearrangement frequency.
Results
The Hox gene complement of T. transversa and N. anomala Transcriptomic and genomic searches resulted in the identification of ten Hox genes in T. transversa. In the brachiopod N. anomala, we identified seven Hox genes in the transcriptome and two additional fragments corresponding to a Hox homeodomain in the draft genome assembly. Attempts to amplify and extend these two genomic sequences in the embryonic and larval transcriptome of N. anomala failed, suggesting that these two Hox genes might be expressed only during metamorphosis and/or in the adult brachiopod. Maximum likelihood orthology analyses resolved the identity of the retrieved Hox genes (Figure supplementary 1) . The ten Hox genes of T. transversa were orthologous to labial (lab), proboscipedia (pb), Hox3, deformed (dfd), sex combs reduced (scr), lox5, antennapedia (antp), lox4, post2 and post1. The nine Hox genes identified in N. anomala corresponded to lab, pb, Hox3, dfd, scr, lox5, antp, lox4, and post2.
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We used the draft assemblies of T. transversa and N. anomala genomes to investigate the genomic arrangement of their Hox genes. In T. transversa, we identified three scaffolds containing Hox genes ( Figure 1B ). Scaffold A spanned 81.7 kb and contained lab and pb in a genomic region of 15.4 kb, flanked by other genes with no known linkage to the Hox cluster in other animals. Scaffold B was the longest (284.8 kb) and included Hox3, dfd, scr, lox5, antp, lox4 and post2, in this order ( Figure 1B) including the micro RNA mir-10 between dfd and scr. As in scaffold A, other genes flanked the Hox genes, which occupied a genomic region of 76.2 kb. Finally, post1 aligned to various short scaffolds. We could not recover any genomic linkage between the identified Hox genes in N. anomala due to the low contiguity (N50 of 3.5 kb) of the draft genome assembly. Altogether, these data demonstrate that T. transversa has a split Hox cluster broken into three sub-clusters, each of them with an organized arrangement. Importantly, the potential genomic disposition of these three subclusters is similar to that observed in other spiralians, such as C. teleta and L. gigantea ( Figure 1C ), which suggests that the lineage leading to the brachiopod L. anatina experienced genomic rearrangements that modified the ordered and linkage of the Hox genes.
Hox gene expression in T. transversa
To investigate the presence of temporal and/or spatial collinearity in the expression of the clustered Hox genes in T. transversa, we first performed whole-mount in situ hybridizations in embryos from blastula to late, competent larval stages ( Figure 2 ).
Anterior Hox genes
The anterior Hox gene lab was first detected in the mid gastrula stage in two faint . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/058669 doi: bioRxiv preprint first posted online Jun. 13, 2016; 8 bilaterally symmetrical dorsal ectodermal domains (Figure 2Ad , Ae). In late gastrulae, lab expression consisted of four dorsal ectodermal clusters that corresponded to the position where the chaetae sacs form (Figure 2Af , Ag). In early larva, the expression was strong and broad in the mantle lobe (Figure 2Ah , Ai), and in late larvae it became restricted to a few mantle cells adjacent to the chaetae sacs (Figure 2Ij , Ik). These cells do not co-localize with tropomyosin, which labels the muscular mesoderm of the larva ( Figure 3A ). This suggests that lab expressing cells are likely ectodermal, although we cannot exclude localization in non-muscular mesodermal derivates. We could neither identify nor amplify Lox4 in a transcriptome and cDNA obtained from mixed embryonic and larval stages, suggesting that either it is very transiently and weakly expressed during embryogenesis or it is only expressed in later stages (metamorphosis and adulthood).
Posterior Hox genes
The only posterior Hox gene present in N. anomala, post2, could not be amplified in cDNA obtained from mixed embryonic and larval stages, suggesting that it is not expressed -or at least expressed at really low levels-during these stages of the life cycle. The absence of larval expression of Lox4 and post2 could be related to the lack of the pedicle lobe of craniiform brachiopod larva, which is a characteristics of the lineage [65, 66] .
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Our genomic information shows that the Hox cluster of T. transversa is split in three parts, with lab and pb separate from the major cluster and Post1 also on a separate scaffold ( Figure 1B) . Overall, the cluster extends over 100 kb, which is significantly shorter than those of other lophotrochozoans, such as C. anomala ( Figure 5 ).
Altogether, the absence of a strict temporal and spatial collinearity in the brachiopod 
Recruitment of Hox genes for patterning lophotrochozoan chaetae and shell fields
The bristle-like chaetae (or setae) of annelids and brachiopods, and shell valves in mollusks and brachiopods are the most prominent hard tissues found in 
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Conclusions
In this study, we characterize the Hox gene complement of the brachiopods T. 
Material and Methods

Animal cultures
Gravid adults of Terebratalia transversa (Sowerby, 1846) were collected around San gDNA were sequenced using an Illumina HiSeq2000 platform. We removed Illumina adapters as above and assembled the paired end reads with MaSuRCA 2.2.1 [95] .
Gene isolation
Pooled samples of T. transversa and N. anomala embryos at different developmental stages (cleavage, blastula, gastrula, mid gastrula, late gastrula, early larva, and late/competent larva) were used for RNA isolation and Illumina sequencing (NCBI SRA; T. transversa accession SRX1307070, N. anomala accession SRX1343816).
We trimmed adapters and low quality reads from the raw data with Trimmomatic 0.32 [96] and assembled the reads with Trinity 2.0.6 [97] . Hox genes were identified by BLAST searches on these transcriptomes and their respective draft genomes (see above to GenBank (accession numbers KX372756-KX372774).
Orthology analyses
Hox gene sequences of a representative selection of bilaterian lineages (Supplementary Table S1 ) were aligned with MAFFT v.7 [98] . The multiple sequence alignment, which is available upon request, was trimmed to include the 60 amino . 
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